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We compute the color coherence effects for soft gluon radiation off antennas containing heavy quarks 
in the presence of a QCD medium – the actual calculations is made for a triplet conﬁguration and then 
generalize to both color singlet and octet ones. This work completes the studies of antenna radiation 
inside a medium which provide a useful picture of the relevance of interference effects in jet parton 
showers for the jet quenching phenomenon observed in high-energy nuclear collisions. The analysis 
is performed resumming the multiple scatterings of the partonic system with the medium. The main 
conclusion is that decorrelation due to color rotation is more effective in the case in which at least one 
of the emitters of the antenna is a heavy quark. This effect, present both for a heavy-quark–antiquark 
or a heavy-quark–gluon antenna is more relevant for the later or for the case in which the energies of 
the quark and antiquark are very different. The parameter controlling these effects involves the dead-
cone angle. We ﬁnd that interferences are cancelled, spoiling the color correlation of the pair, when 
θDC ≡ M/E  1/
√
ωL where E and ω are the energies of the heavy quark and the radiated gluon and L
is the medium length. In the case of a heavy-quark–antiquark antenna tform, deﬁned as the difference in 
splitting times in amplitude and complex conjugate of the amplitude, appears instead of L if the original 
splitting is symmetric. The presence or absence of interferences modiﬁes the energy loss pattern.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Jets traversing QCD matter created in high-energy nuclear colli-
sions have been experimentally studied for the last ten years, ﬁrst 
at the RHIC at BNL [1] and then at the LHC at CERN [2–4]. Despite 
the success of a theory of jet quenching based on an enhance-
ment of the gluon radiation induced by the medium [5–12] (for 
a recent review see e.g. [13]) mainly for the description of the 
data on inclusive particle suppression, a complete theory, suitable 
for a consistent and rigorous interpretation of the reconstructed 
jet data, is still being developed. On the theoretical side, progress 
in the last few years has been reached in different fronts, as im-
provements in the splitting probability [14,15], the use of effective 
theories as SCET [16–18], or the study of multi-parton radiation 
[17]. A systematic program to understand the in-medium intra-
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SCOAP3.jet color coherence effects, using the antenna setup, has also been 
started, leading to extremely valuable information about the role 
of interferences [24–30]. A clear new picture of the jet quenching 
phenomena is emerging from these studies [31,32].
Since the antenna spectrum plays a central role in understand-
ing jets physics in vacuum [19–23], it seems quite natural to ask 
about the case in what the antenna is traversing a dense medium. 
The basic question which is addressed with the antenna setup 
is to which extent subsequent gluon emissions can be consid-
ered as independent, hence providing a clear probabilistic picture, 
and how and when this independency is broken. The well-known 
results of color coherence in the vacuum lead to the picture of 
angular-ordered emissions of gluons. The picture in the medium 
follows the same basic principles and can be simpliﬁed as follows 
[31]: medium-induced radiation can only resolve objects (emitters) 
which are separated more than a transverse distance Λmed deter-
mined by the medium properties. Taking the example of a quark–
antiquark antenna, when the transverse separation r⊥ ∼ θqq¯ L 
Λmed the medium cannot resolve the quark and the antiquark  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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This emission can be decomposed into medium-induced (soft and 
collinear ﬁnite) radiation by the total charge, i.e. no radiation if the 
pair is in a singlet state or radiation as a gluon if the pair is in octet 
state, plus a vacuum like component which is soft and collinear 
divergent and angular ordered. In the opposite case r⊥ ∼ θqq¯ L 
Λmed the medium is very eﬃcient in destroying the color corre-
lation of the pair and the quark and antiquark emit incoherently. 
Two components can be also distinguished, two medium-induced 
(soft and collinear ﬁnite) contributions each with strength CF as it 
corresponds to a singlet emitter, plus a vacuum-like radiation (soft 
and collinear divergent) but where angular ordered is removed, as 
expected from two independent color sources.
The mass of the heavy quarks is known to modify the role of 
color coherence, e.g. introducing a dead-cone angle where radia-
tion is strongly suppressed or removing the strict angular ordering 
in the vacuum. In the case of the medium, similar modiﬁcations 
were observed some time ago for the case of a single emitter 
[33–36]: on the one hand, a suppression of the radiation was pre-
dicted in most of the phase space relevant for the phenomenolog-
ical applications; on the other hand, the smaller typical formation 
time of the gluons produced off massive quarks lead to a reduction 
of the Landau–Pomeranchuk–Migdal suppression enhancing the ra-
diation at small angles which to some extent ﬁlls the dead cone
[34]. This additional radiation is not very relevant for the total en-
ergy loss of heavy quarks which turns out to be smaller than for 
light quarks – this is so because it happens only in a reduced re-
gion of phase space, of little phenomenological relevance [34]. The 
corresponding experimental search of this dead-cone effect lead to 
one of the still unsolved puzzles in RHIC data [37,38] in which a 
suppression of the non-photonic electrons (expected to be domi-
nated by heavy-quark decays) is compatible, taking at face value, 
with no mass-effect in the radiation. Recent LHC results seem to 
indicate that indeed heavy-quarks lose less energy than light par-
tons [39–41] but the actual effect still needs to be quantiﬁed as 
several different mechanisms contribute to the observed suppres-
sion of heavy mesons – e.g. the different slopes of the perturbative 
spectra or the harder fragmentation functions in the case of heavy 
quarks. Interesting results also exist for the case of b-quark jets 
[42] which study a region of much larger transverse momentum, 
where the effects of the mass are expected to be small – some co-
herence effects as the ones studied here are, however, expected to 
be of relevance there.
Motivated by these theoretical and experimental ﬁndings we 
present here a calculation of the color coherence effects in a set 
up which includes a heavy-quark and a gluon antenna radiating a 
soft gluon in the presence of a medium. The calculation is done 
resuming the multiple scatterings of the partons involved with the 
surrounding medium. We also comment on the case of a heavy-
quark–antiquark antenna, previously studied in Ref. [27] but only 
for the case of the ﬁrst order in the opacity expansion. The main 
result in the paper is the reduction of the color coherence when 
the dead-cone angle θDC ≡ M/E  1/
√
ωL where E and ω are the 
energies of the heavy quark and the radiated gluon and L is the 
medium length.1 This suppression of the color coherence enhances 
the phase space for radiation, hence the energy loss of the heavy 
quark. Whether this enhancement can lead to a sizable suppres-
sion of the heavy quarks in the experimental environment is left 
for a future study. The present publication completes the study of 
the in-medium antenna radiation spectrum [24–30] and provides 
1 Notice that in this paper, light-cone coordinates are used, so, the deﬁnition of 
the dead-cone angle θDC will be slightly different, see below.the way to encode heavy quark effects in the new picture of jet 
quenching being developed.
2. Amplitudes and formalism
The derivation of the spectrum is similar to the ones presented 
in previous works [24–30] but including the mass of the heavy 
quark explicitly. The amplitude for one gluon emission is calculated 
using the reduction formula
Ma(k) = −
∑
λ
∫
x+=+∞
dx−d2xeik·x2∂+x Aa(x) · λ(
k) (1)
with kμ = (ω, 
k) being the 4-momentum of the emitted gluon and 
A the transverse gauge ﬁeld. The gauge ﬁeld is obtained from the 
classical Yang–Mills (CYM) equations[
Dμ, F
μν
]= Jν (2)
where Dμ ≡ ∂μ − ig Aμ and Fμν ≡ ∂μAν − ∂ν Aμ − ig[Aμ, Aν ], and 
with the current Jμ being covariantly conserved, i.e.,[
Dμ, J
μ
]= 0 (3)
The current Jμ has three components: one of them for each 
leg of the antenna and a third one representing the highly virtual 
particle coming from a hard process that splits into the antenna 
pair. For the case of a Q g antenna, this means that Jμ = Jμq +
Jμg + Jμ3 , being the three components are the currents representing 
the quark, the gluon and the virtual quark, respectively.
The initial state of the antenna is given by the vacuum current 
Jμ(0) = Jμq(0) + Jμg(0) + Jμ3(0) , where
Jμ,ai(0)(x) = g
pμi
Ei
δ(3)
(

x− 
pi
Ei
t
)
θ(t)Q ai (4)
represents a particle with momentum pμi = (Ei, 
pi) and charge 
color vector Q ai and i = q, g, 3.
The Jμ3 current is needed for charge and momentum con-
servation (Q 3 = Qq + Q g and 
p3 = − 
pq − 
pg , respectively), but 
in a colored antenna it does not contribute in the frame where 
pμ3  (0, p−3 , 0) due to the light-cone gauge we perform our calcu-
lation in (A+ = 0).2 In the case of a singlet antenna, Jμ3 does not 
contribute because Q 3 = 0.
The effect of the medium over the vacuum current Jμ(0) is to 
induce a color rotation:
Jμ(x) = Up
(
x+,0
)
Jμq(0)(x) + U p¯
(
x+,0
)
Jμg(0)(x) (5)
described by a Wilson line:
Up
(
x+,0; r)≡ P exp
{ x+∫
0
dξ T · A−med
(
ξ,pξ/p+
)}
(6)
where we have denoted the quark momentum as p and the gluon 
momentum as p¯.
Leaving only terms linear on the medium induced ﬁeld and fo-
cusing on the quark current (the calculation with the gluon current 
is the same and so it gives an analogous result) we get the follow-
ing expression for the amplitude for emission off the quark:
2 Any 4-vector aμ = (a0, a1, a2, a3) is expressed in light-cone coordinates as aμ =
(a+, a−, a), with a± = (a0 ± a3)/√2 and a = (a1, a2).
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k) =
∑
λ
g
k+
∫
x+=+∞
d2x eik
−x+e−ik·x
+∞∫
0
dy+ eik
+ p−
p+ y
+
× λ(k) ·
(
i∂ y + k+n
)
× Gab(x+,x; y+,y|k+)∣∣y=ny+Ubcp (y+,0)Q cq (7)
where we have explicitely stated the color structure, deﬁned the 
dimensionless vector n = p/p+ and G is a Green’s function that 
takes into account both the color rotation of the gluon and its 
Brownian motion in the transverse plane due to interactions with 
the medium ﬁeld. These features of the Green’s function G can be 
easily seen thanks to its expression as a path integral in the trans-
verse plane:
G(x+,x; y+,y∣∣k+)
=
r(x+)=x∫
r(y+)=y
Drexp
{
ik+
2
x+∫
y+
dξ r˙2(ξ)
}
U
(
x+, y+; r) (8)
The mass effects can be now easily identiﬁed, as they enter 
the ‘−’ component of the 4-momentum heavy-quark momentum 
through the dispersion relation
2p+p− − p2 = M2. (9)
Taking the eikonal limit, in which the quark follows a straight line 
in the direction n, the presence of the mass appears only in the 
phase
exp
(
ik+ p
−
p+
y+
)
= exp
(
i
k+
2
θ2DC y
+
)
exp
(
i
k+
2
n2 y+
)
(10)
where θDC is the so-called dead-cone angle, deﬁned as3
θDC ≡ M
p+
(11)
We have now all the ingredients to explicitly write the two contri-
butions to the amplitude; when the gluon is radiated off the heavy 
quark
Maq(
k) =
∑
λ
g
k+
∫
x+=+∞
d2xeik
−x+e−ik·x
×
+∞∫
0
dy+ exp
[
i
k+
2
(
θ2DC + n2
)
y+
]
× λ(k) ·
(
i∂ y + k+n
)
× Gab(x+,x; y+,y∣∣k+)∣∣y=ny+Ubcp (y+,0)Q cq (12)
and when the gluon is radiated off the gluon
Mag(
k) =
∑
λ
g
k+
∫
x+=+∞
d2xeik
−x+e−ik·x
+∞∫
0
dy+ exp
[
i
k+
2
n¯2 y+
]
× λ(k) ·
(
i∂ y + k+n¯
)
× Gab(x+,x; y+,y∣∣k+)∣∣y=n¯y+Ubcp¯ (y+,0)Q cg (13)
We can explicitly see the difference due to the presence of 
mass: a complex phase in (12) that (13) lacks.
3 Notice that this deﬁnition is slightly different that the one given in Section 1. 
Translating the light-cone coordinates into space ones, p+  √2E , the dead-cone 
angle reads θDC  M/(
√
2E).3. Radiation spectrum of the heavy-quark–gluon antenna
With the amplitudes (12) and (13) we can compute the radi-
ation spectrum of the antenna. A particularly convenient way of 
presenting this spectrum is by separating the independent radia-
tion (in the vacuum easily identiﬁed by the two collinear diver-
gencies) of the two emitters
dN = αs
(2π)2
[CFRq + CARg − CAJ ] d
3k
(k+)3
(14)
Here, we have deﬁned the independent radiation off the heavy 
quark Rq by
CFRq =
(
k+
)2〈|Mq|2〉 (15)
the independent radiation off the gluon Rg
C ARg =
(
k+
)2〈|Mg |2〉 (16)
and the interference spectrum between both emitters J
−CAJ =
(
k+
)2
Re
〈MqM†g 〉 (17)
The spectrum of independent radiation off the heavy quark Rq is 
directly evaluated from (15) taking the limit n → 0
Rq = 2Re
∞∫
0
dy′ +
y′ +∫
0
dy+ exp
[
i
k+
2
θ2DC
(
y+ − y′ +)]
×
∫
d2zexp
[
−ik · z− 1
2
∞∫
y′ +
dξn(ξ)σ (z)
]
× ∂ y · ∂ zK
(
y′ +, z; y+,y)∣∣y=0 (18)
which, as expected, is exactly the same expression derived previ-
ously for the medium-induced gluon radiation off a single heavy 
quark in the BDMPS multiple scattering approximation [34]. This 
conﬁrmation is also a test of our formalism.
In the same manner, the medium-induced gluon radiation off a 
gluon is obtained from (16)
Rg = 2Re
∞∫
0
dy′ +
y′ +∫
0
dy+
×
∫
d2zexp
[
−ik · z− 1
2
∞∫
y′ +
dξn(ξ)σ (z)
]
× ∂ y · ∂ zK
(
y′ +, z; y+,y)∣∣y=0 (19)
which again coincides with the known results.
The most interesting part of our analysis is, of course, the color 
coherent emission off the two emitters given by the interference 
term J
J = Re
{ ∞∫
0
dy′ +
y′ +∫
0
dy+
(
1− Δmed
(
y+,0
))
× exp
[
i
k+
2
(
θ2DC + δn2
)
y+
]
×
∫
d2zexp
[
−iκ¯ · z− 1
2
∞∫
′ +
dξ n(ξ)σ (z)
]
y
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}
+ sym. (20)
with κ¯ = k − k+n¯ (and κ = k − k+n), δn = n − n¯ and K being the 
path integral
K(y′ +, z; y+,y∣∣k+)
=
r(y′ +)=z∫
r(y+)=y
Dr exp
{ y′ +∫
y+
dξ
(
i
k+
2
r˙2(ξ) − 1
2
n(ξ)σ (r)
)}
(21)
that takes into account the emitted gluon multiple scattering with 
the medium and its Brownian motion in the transverse plane from 
r(y+) = y to r(y′ +) = z. The symmetric part is obtained exchang-
ing q ↔ g .
Eq. (20) is the main result of this paper. Compared with the 
light-quark case, the only difference is the presence of a new phase 
including the dead-cone angle θDC . This is similar to the case found 
for the single heavy quark emitter [34] and a direct consequence 
of the eikonal approximation assumed in the calculation. The role 
of the phase is to suppress the radiation in some regions of phase 
space due to the mass effects.
4. Discussion and conclusions
We will focus here in the two main terms which suppress the 
interferences, Eq. (20), namely the decoherence parameter Δmed:
Δmed
(
y+,0
)≡ 1− exp
[
−1
2
y+∫
0
dξn(ξ)σ (δnξ)
]
 1− exp
[
− 1
12
qˆδn2L3
]
(22)
(where we have used the multiple soft scattering approximation 
for the last expression, qˆ being the transport coeﬃcient also known 
as jet quenching parameter) and the dead-cone phase:
ΔDC
(
y+, y′ +
)= exp[i k+
2
(
θ2DC y
+ − θ¯2DC y′ +
)]
(23)
Notice that for a (triplet) Q g antenna, θ¯DC = 0 and we recover the 
phase in Eq. (20). For an octet, or singlet, Q Q¯ , there are two dead-
cone angles, each one referring to the energy of the corresponding 
emitter, θDC = M/p+ and θ¯DC = M/p¯+ . Notice also that in the Q Q¯
case, when one of the emitters is much more energetic than the 
other, say p¯+  p+ , i.e. for very asymmetric g → Q Q¯ splittings, 
the suppression pattern of the interferences is similar to that of 
the Q g case, as θ¯DC  θDC in (23).
The effect of the decoherence parameter Δmed in the in-
medium antenna radiation has been discussed at length in the 
previous calculations, in particular in Ref. [31]. Its role is to sup-
press the interference terms (20) when the transverse size of the 
antenna is larger than the typical medium color correlation length 
in the transverse plane. I.e. when the correlation length is larger 
than the size of the pair, Δmed → 0, the medium cannot resolve 
the individual emitters, which act as a single object with the to-
tal charge of the pair (CF for triplet, CA for octet or 0 for singlet). 
In the opposite case, Δmed → 1, the medium resolves the antenna 
and breaks the color coherence of the pair so that they behave as 
two independent particles. One way of estimating the effects of co-
herence is by deﬁning a coherence time tcoh ∼ [12/(θ2qq¯qˆ)]1/3, see 
Eq. (22), so that the pair stays coherent (acting as a single emitter) 
for medium path lengths of the antenna smaller than tcoh.Of all three antennas involving heavy quarks (singlet Q Q¯ , 
triplet Q g and octet Q Q¯ ), the case of a singlet antenna can be 
safely neglected in all calculations of energy loss. The other two 
cases, triplet and octet, need to be considered and are relevant for 
different regions of the phase space. In particular, the octet Q Q¯
antenna is relevant for the case of high-pT heavy quarks produced 
by the decay of boosted virtual gluons.
So, we consider now the case of a color octet Q Q¯ antenna 
in the symmetric case (p+  p′ +) and assuming that the open-
ing angle δn2 ∼ θ2qq¯ is small (which is a comfortable assumption 
θ2qq¯  1/(k+L)) and can be neglected in the phase. When color 
decoherence happens, Δmed ∼ 1, the radiation is that of two inde-
pendent emitters
(
k+
)3 dN
d3k
= αs
(2π)2
CF (Rq +Rq¯) (24)
and the spectrum is just the superposition of two spectra for gluon 
radiation off a heavy-quark. This behavior was ﬁrst identiﬁed for 
the massless case in [25].
An interesting case appears in the totally coherent case, Δmed ∼
0, in which the medium cannot resolve the pair, and one has Rq ∼
Rq¯ ∼J . Now, the medium-induced radiation is simply(
k+
)3 dN
d3k
= αs
(2π)2
CARq (25)
That would correspond to the radiation off a gluon (as the total 
charge gives the factor CA ) but with the dead-cone suppression fac-
tor. As mentioned above, the production of heavy quarks at high 
transverse momentum receives a large contribution from the split-
ting of boosted gluons into a Q Q¯ pair. Before losing coherence 
this constitutes an octet Q Q¯ antenna. In this case, the corre-
sponding energy loss, from Eq. (25), will be as the one for gluons 
but with a dead-cone suppression as long as the pair stays in 
a color coherent state. The corresponding time for this to occur, 
tcoh ∼ [12/(θ2qq¯qˆ)]1/3 can be sizable according to the estimates in 
[31]. Notice that in this case, the total radiation is still larger than 
the sum of the radiation of the Q Q¯ pair (24) as 2CF < CA . (For 
the rest of the color conﬁgurations, color coherence reduces the 
amount of energy loss.)
Another consequence of our analysis is that for the case of 
asymmetric splitting, either a Q g antenna or a Q Q¯ antenna with 
very different energies of quark and antiquark, the suppression fac-
tor is much larger than for the symmetric case. Taking into account 
that k+  √2ω, it can be seen from Eq. (23) that for the sym-
metric conﬁguration (ΘDC  Θ¯DC) the suppression will happen for 
gluon energies4 ω > 1/(tformθ2DC), while for the asymmetric case 
(Θ¯DC = 0) it will happen much earlier, ω > 1/(Lθ2DC).
All these features provide a nice generalization of the ﬁndings 
of the antenna for the massless case with physics dominated by 
color coherence effects or the lost of them due to the interac-
tion with the medium. The phenomenological consequences for 
the heavy quark case will be presented in a separate work.
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